METHOD OF ENHANCING PERFORMANCE OF 
CERIUM DOPED LUTETIUM ORTHOSILICATE CRYSTALS 
AND CRYSTALS PRODUCED THEREBY 

Field Of The Invention 
[0001] The present invention relates to the field of crystals and, nnore 
particularly, to a nnethod of enhancing a crystal of cerium doped 
lutetiunn orthosilicate (ISO) to generate a greater light yield in response 
to irradiation with high energy radiation. 

Background Of The Invention 
[0002] Single crystal scintillation is a very simple but also very sensitive 
method of detecting high energy radiation such as x-rays, gamma-rays 
and high energy particles with energies exceeding a few kilo-electron 
volt (KeV). In the past century, a large number of crystals have been 
proposed for potential scintillating applications. For medical imaging 
such as positron emission tomographs (PET), crystals with the highest 
light yield, narrowest energy resolution and fastest decay time are 
required. Moreover, PET also requires a crystal with good physical 
integrity and chemical inertness. Thalliunrvactivated sodium iodide, 
Nal{TI) has by far the highest light yield of 38,000 photons per milliorv 
electron volt (MeV). Unfortunately, Nal(TI) is hygroscopic which is not a 
desirable property in making the small detector pixels used in a PET 
system. 

[0003] The first cr/stal used in a PET application was bismuth 
germanate (BGO), which has the general formula BiiGe30i2. BGO is 
non-hygroscopic and has good physical properties. The problem of 
BGO is the relatively low light yield of 6,000 photons per MeV, or 
approximately 15% of the yield of Nal(TI). BGO also has a long decay 
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time of 300 nanoseconds (ns), which is too slow for the coincident 
detection ennployed in a PET system. 

[0004] A much improved crystal for PET application was developed 
in the early 1980s. This is cerium doped gadolinium orthosilicate (GSO), 
which has the general formula CeiGcbSiOs. GSO exhibits the much 
shorter decay time of 60 ns and a light yield of approximately 10,000 
photons per MeV, or 25% that of Nal(TI). 

[0005] In the early 1990s, cerium doped lutetium athosilicate (LSO), 
having the general formula of Ce:Lu2Si05, was discovered. LSO had, 
by far, the best overall properties. The decay time of LSO is only 47 ns 
and the light yield is 29,000 photons per MeV, or approximately 76% that 
of Nal(TI). Even though LSO has excellent properties, it is not without 
problems. One of the most serious problems of LSO is the large variation 
of light yield from crystal boule to crystal boule and even from top to 
bottom within the sanrre crystal boule. In the past, thisvariation has 
been attributed to impurities within the crystal, which generate color 
centers and thus quenche the radiative emission. 
[0006] More recently, Chai et oL in U.S. Patent No. 6,624,420 
described the newest entry in scintillator crystals for PEL thatis lutetium 
yttrium orthosilicate (LYSO) having the general composition of C^{Lui- 
yYy)2(i.x)Si05 where x = 0.00001 to 0.05 and y = 0.0001 to 0.9999. LYSO 
also has very high light yield up to 96% that of Nal(TI) and a similar fast 
decay time of 48 ns. At the some time, however, it also suffers the same 
problem as LSO, that is, a large light yield variation from crystal boule to 
crystal boule, as well as from the top to the bottom of the same crystal 
boule, although the variation is much smaller than thd of LSO. The 
inventors attributed the smaller variation in light yield properties of LYSO 
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to the substitution of yttrium, which has much higher purity than the 
lutetium source. 

[0007] A large variation in light yield presents a serious problem for 
the construction of PET detector blocks. Ideally, it is preferred that all 
pixels within a detector block have the same light yield and energy 
resolution. Moreover, the spread of the light, or energy resolution is 
another important parameter in the design of the Pff detector blocks. 
Ideally, it is preferable to have the energy resolution as narrow as 
possible. At the present time, neither BGO nor GSO suffers from the 
problem of non-uniformity in light yield and energy resolution. 
However, for both LSO and LYSO, these are persistent problems. 
[0008] In the past, in order to provide PET detector blocks using either 
LSO or LYSO and having uniform performance, it would be necessary to 
carefully measure the light yield performance and energy resolution of 
each individual detector pixel. By manually selecting the pixels with 
nearly the same performance, it would be possible to build detector 
blocks having uniform performance. This is a very costly manufacturing 
process, however. To make the product competitive, it became 
necessary to develop a process which could eliminate this manual 
selection process and still identify all the detector pixels having the 
same performance. 

[0009] Applicant believes, without wishing to be bound thereto, that 
the poor light yield performance of LSO is due to deep traps which take 
the energy away and dissipate it non-radiatively. However, very little is 
known about the exact nature of these non-radiative recombination 
centers. Since the starting material LU2O3, is only 99.95% in purity, it is 
believed that poor light yield performance was due to the impurities in 
the starting material from which the crystal is made. However, 
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repeated chemical analyses of trace elements in both the LitOa 
powder starting material and the whole crystal have failedto identify 
the exact impurity which quenches the light yield. Applicant has also 
intentionally added trace amounts of impurities in the starting powder 
mixture and then grown a LSO or LYSO crystal, but this approach failed 
to show any of the intended results of light quenching. 
[00010] Even though both LSO and LYSO have the problem of serious 
light yield variation. Applicant has not found the same effect in cerium 
doped yttrium orthosilicote single crystal (YSO) having the general 
formula Ce:Y2Si05. Moreover, while LSO has a strong afterglow which 
can last many hours after being radiated with UV light. Applicant has 
never obsen/ed a similar afterglow of YSO under the same UV radiation 
conditions. Since the starting material, Y2O3, for YSO is 99.999% in purity, 
the evidence tended to support the speculation that the light yield 
variation is due to the impurity of the LL6O3 raw material. 
[0001 1] In the development of the LYSO crystal. Applicant has also 
noticed the enhancement of light yield shown by LYSO over LSO, as 
well as much weaker afterglow for LYSO crystals with high yttrium 
content. At that time, this observation also supported the assumption 
that a high yttrium content LYSO crystal starts with less L14O3 and, 
therefore, has less impurities and thus better lightyield. 
[00012] Despite the seeming consistency of this pattern as indicating 
that impurities in the LU2O3 row material were the main cause of light 
yield reduction, the impurity or impurities which interfere with light yield 
has never been identified, even though Applicant has used a variety of 
LU2O3 sources from many different vendors having different types and 
levels of impurities. In fact, the performance of both LSO and LYSO 
seems to be independent of the source of Ikj^Os. Even when the same 
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batch of chemical is used, it is still possible to have a large variation in 
light yield from crystal boule to crystal boule. Given those 
circumstances. Applicant began to suspect that the cause of light yield 
variation is not really due to the impurity effect but due to dher causes 
vs/hich are more fundamental and most likely related to the basic 
structure of the crystal. 

[00013] YSO, LSO and LYSO have the same crystal structure, which is 
monoclinic with a space group of C2/c. The structure has two distinct 
rare earth cation sites. One is a distorted 7-fold coordinate site and the 
other one is a smaller distorted 6-fold coordinate site. These two sites 
are quite different from each other, with distinct energy levels for 
emission. When the crystal is doped with cerium, the dopantsubstitutes 
into both sites. The exact distribution ratio between the two sites is not 
known. However, since the emission spectra of CelSO (Fig. 1 ) and 
Ce:YSO (Fig. 2) are not quite the same, it may be assumed that the Ce 
distribution between the two sites is different for Ce:LSO and Ce:YSO. 
For CeiLYSO, because the crystal has a very high content of Lutetium 
(at least approximately 95%) and low Yttrium content (approximately 
less than 5%) the absorption and emission spectra ore substantially the 
same as that of pure LSO. 

[00014] Single crystals of YSO, LSO and LYSO are all produced by the 
Czochralski melt pulling technique as known in the art, since all three 
compositions melt congruently. However, the melting points of all three 
crystals are quite high, 1980oC, 2150oC and 2100^0, respectively. To 
hold the molten charges at such high temperatures, it is necessary to 
use an iridium metal crucible as the container, which has a melting 
point of 2450^0. Even though iridium is quite inert and stable, it does 
oxidize in air at such high temperatures. To prevent metal loss of the 
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iridium crucible, it is necessary to grow the crystals in either a vacuunn or 
in furnaces purged with argon or nitrogen gas, so that the annbient 
oxygen in the growth channber is kept bdow approxinnately 1 %. 
[00015] Even though the crystals grown in this nnethod are colorless 
and transparent. Applicant theorizes without wishing to be bound 
thereto that there is some evidence that oxide crystals produced at 
such high temperatures under a low ox^en condition tension can 
generate oxygen vacancy point defect centers. These points defect 
centers could act as recombination centers which take away the 
radiative energy from an otherwise normal electron-hole 
recombination process. Even though such oxvgen point defect centers 
are well known, they have not been implicated directly as the possible 
cause for low light yield in scintillating crystals. 
[00016] During Applicant's extensive experience growing crystals of 
LSO, YSO and LYSO over the years, there have been a number of times 
that accidentally an air leakage developed in a growth chamber. This 
was highly undesirable, since the iridium crucible was badly burned to 
a purplish black color. The crystal surface, in those instances, was 
covered with small single crystal flakes of iridium metal released from 
the crucible. Generally, the process must be stopped right away to 
minimize further damage to the crucible and to the furnaces. In most 
of these cases a partially completed crystal is the result. 
[00017] In these cases, however, even though LSO, YSO and LYSO all 
have the same crystallographic structure, the crystals produced under 
such highly oxygenated conditions are quite different from each other. 
For YSO, the crystal turns into a light yellow color, indicating ocidation of 
Ce from the 3+ to the 4+ state. Nevertheless, there is improvement of 
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the light yield in these oxygenated crystals as connpared with the 
regular YSO crystals. 

[00018] For both LSO and LYSO crystals, the change from colorless to 
yellow is rarely seen. Most of these crystals are still transparent and 
colorless, but among these crystals, I noticed a definite improvement in 
light yield. When grown using the prior process of reduced oxygen, the 
typical light yield for an LSO crystal is about 4x that of BGO, but 
occasionally a crystal having 5x BGO light yield may be obtained, 
although rarely. Surprisingly, however. Applicant discovered that these 
accidentally air-leaked LSO crystals generally showed 5x or even better 
light yield over BGO, which is exceptionally good. For LYSO crystals, the 
results were even better. It was possible to obtain as much as 6x or 
more the light yield of BGO. Moreover, the improvement appeared to 
be independent of the source of LuzOa. In other words. Applicant 
theorizes without wishing to be bound thereto that the improvement is 
unrelated to the degree of original impurities found in the crystal, or to 
the reduction thereof. 

Summarv Of The Invention 
[00019] In view of the foregoing background, it is therefore an object 
of the present invention to enhance the performance of LSO crystals. 
[00020] This and other objects, features and advantages in 
accordance with the present invention are provided by a method 
comprising diffusing oxygen into a body of monocrystalline LSO by 
heating the body for a period of time in an ambient containing oxygen. 
The diffusing may be carried out so that the body of monocrystalline 
LSO is fully oxygenated, for example. In addition, the diffusing may be 
carried out so that the cerium is not further oxidized to a4+ state. If a 
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sufficient amount of cerium is oxidized the monocrystolline body may 
appear yellow in color, and, moreover, the performance may 
adversely affected. 

[00021] The method may also comprise forming the body of 
monocrystolline LSO to have at least one dmension no greater than 
about 20 mm. This may permit more efficient diffusion to thereby 
reduce production time. The body may have a rod shape or be 
rectangular, for example. 

[00022] The oxygen containing ambient may, in some embodiments, 
comprise air at atmospheric pressure. In other embodiments, the 
oxygen containing ambient may be at a pressure above atmospheric. 
The oxygen containing ambient may also have an oxygen 
concentration higher than in air. 

[00023] The heating the body of monocrystolline LSO may comprise 
heating the body to a temperature in a range of between 
approximately 1 100'' to 1400° C, and, more preferably to a 
temperature in a range of between about 1200° to 1300'' C. The period 
of time is in a range of approximately 30 to 120 hours, and, more 
preferably, in a range of about 50 to 80 hours. 

[00024] Prior to being enhanced, the LSO single crystal may consist of 
Ce:Lu2Si05-z where z ranges from greater than 0 to less than 5.0. 

[00025] The diffusing may result in increased performance based upon ' 
an energy resolution of the body of monocrystolline LSO. Alternatively 
or additionally, the diffusing may result in increased performance based 
upon an energy resolution of the body of monocrystolline LSO. Similarly, 
the diffusing may result in increased performance based upon a full 
width, half maximum (FWHM) of on energy peak of the monocrystolline 
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LSO. 

[00026] Considered in somewhat different terms, the method may be 
for enhancing performance of a body of monocrystalline cerium 
doped lutetium orthosilicate (LSO) in response to irradction with high 
energy radiation, and wherein the body of monocrystalline LSO having 
oxygen vacancies therein. The method may comprise supplying 
oxygen to fill at least some of the oxygen vacancies in the body of 
monocrystalline LSO. 

[00027] Another aspect of the invention is directed to a scintillation 
detector. The detector may include a monocrystalline body having the 
general formula of Ce:Lu2Si05-z where z is approximately zero. In 
addition, the monocrystalline body may also have a light yield of 
greater than approximately 462 channels. Alternately or additionally, 
the monocrystalline body may also have a full width, half maximum 
(FWHM) of an energy peak of the monocrystalline LSO of not greater 
than approximately 34 channels. The monocrystalline body mayalso 
hove an energy resolution of not greater than approximately 10 %. The 
scintillation detector may also include a photon detector coupled to 
the monocrystalline body. 

Brief Description of the Drawings 
[00028] FIG. 1 is a line graph showing the absorption and emission 
spectra of YSO, as in the prior art. 

[00029] FIG. 2 shows a line graph depicting the absorption and 
emission spectra of LSO, as in the prior art. 

[00030] FIG. 3 is a line graph showing the absorption and emission 
spectra of LYSO, as in the prior art. 

[00031] FIG. 4 is a flow diagram showing the method of the invention. 
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[00032] FIG. 5 illustrates an overall industrial process ennploying the 
present invention. 

[00033] FIG. 6 is a schematic diagrann of a scintillation detector 
ennploying a rod-shaped crystal enhanced according to the inventioi. 
[00034] FIG. 7 shovy/s a schennatic diagrann of a scintillation detector 
ennploying a rectangular crystal enhanced according to the invention. 

Detailed Description of the Preferred Embodiments 
[00035] The present invention will now be described nnore fully 
hereinafter with reference to the accompanying drawings, in which 
preferred embodiments of the invention are shown. Unless otherwise 
defined, technical and scientific terms used herein have the same 
meaning as commonly understood by one of ordinary skill in the art to 
which this invention pertains. Although methods and materials similar or 
equivalent to those described herein can be used in the practice or 
testing of the present invention, suitable methods and materials are 
described below. All publications, patent cpplications, patents, and 
other references mentioned herein are incorporated by reference in 
their entirety. In case of conflict, the present specification, including 
any definitions, will control. In addition, the materials, methods and 
examples given are illustrative in nature only and not intended to be 
limiting. Accordingly, this invention may be embodied in many 
different forms and should not be construed as limited to the illustrated 
embodiments set forth herein. Rather, these illustrated embodim^ts 
are provided solely for exemplary purposes so that this disclosure will be 
thorough and complete, and will fully convey the scope of the 
invention to those skilled in the art. Other features and advantages of 
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the invention will be apparent fronn the fdlowing detailed description, 
and fronn the clainns. 

[00036] For illustrative purposes, a representative ennbodiment of the 
invention is described hereafter in the context of the detection of high 
energy gannnna rays. It should be understood that the oxygenated LSO 
single crystal scintillator of the invention is not linnited to the detection of 
gamma ray radiation but it has general applications for the detection 
of other types of radiation such as x-rays, cosmic and other high energy 
particle rays. 

[00037] In the background review, it is noted that Ce doped LYSO has 
superior scintillating properties among known non-hygroscopic 
scintillators. It also includes its two end members, YSO where y = 1 .00 
and LSO where y = 0.00. A previously recognized problem with this 
family of compounds is the large variation of the light yield from crystal 
to crystal and even from top to bottom in the same crystal boule. It 
now appears that these variations are not primarily due to impurities 
within the crystal but, rather, are related to theoxygenation state of the 
material. Crystals that ore highly oxygenated usually produce a much 
higher light yield than crystals having oxygen vacancies within their 
structure. 

[00038] The present invention includes a process which can 
oxygenate the crystal and thus greatly improve its light yield 
performance. These crystals are produced by the Czochralski melt 
pulling technique known in the art, using an iridium crucible at 
extremely high temperatures which are near or exceed 2000^C. 
Therefore, in order to prevent excessive oxidation and corrosion of the 
iridium crucible, it is typically desired to reduce the content of oxygen 
within the growth chamber. All crystals typically produced through this 
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prior art technique are made under low oxygen conditions. As a result, 
based on experimental observations Applicant theorizes without 
wishing to be bound thereto, that these conventionally produced 
crystals are formed having oxygen vacancy point defects within the 
crystal lattice. Unfortunately, this oxygen defect condition has been 
previously overiooked by those of skill in this art. Applicant believes this 
problem has not been recognized before because crystals having 
oxygen vacancy defects are visually unremarkable, that is, there is no 
visual clue that there may be something about the crystal that is less 
than optimal. Since the traditional concept of the impurity effect on 
crystal performance is deeply rooted in the art, and the L14O3 starting 
chemicals are not completely pure, it was easy to assume that 
impurities are the primary cause of the reduction in the light yield 
produced by these crystals. Thus, the problem and its solution 
continued unrecognized until now. 

[00039] Having realized that low light yield in these crystals may be 
directly related to oxygen vacancy defects in the crystal, it became 
necessary to develop a process for producing crystals without the 
defect. It was also clear that increasing the oxygen concentration 
during formation of the crystals may lead to damage of the iridium 
crucible due to uncontrolled oxidation at the high temperatures used 
for cr/stal formation. 

[00040] Thus, the present invention provides a method of oxygenating 
these crystals, to reduce or eliminate the oxygen vacancy point defects 
and to restore the intrinsic light yield characteristics of YSO, LSO and 
LYSO crystals. Since the oxygenation process requires adding oxygen 
into the crystal structure without destroying the crystal itself, it was 
determined that thermal diffusion might provide a suitable approach. 
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[00041] One should clearly differentiate between thernnal annealing 
and thernnal oxygenation processes, even though the basic tool to 
achieve both effects may be similar. Thermal annealing is a heat 
treatment process normally used in removing the stress within a crystal 
or to homogenize the physical or chemical properties of a crystal. Only 
thermal energy is needed for the process. Thermal annealing can be 
performed in air, in a vacuum, or in an inert gas, and regardless of the 
atmosphere there is no difference in the result ance there is no 
chemical change induced within the crystal. A thermal oxygenation 
process, on the other hand, requires both thermal energy as well as the 
availability of oxygen. In essence, it is a thermal diffusion of oxygen 
into the crystal so as to eliminate the oxygen vacancy. Since oxygen is 
a fairly large molecule, under normal conditions it would not be 
possible to diffuse oxygen into the crystal structure. Therefore, to 
improve the diffusion process, heat is applied to the crystal to a certain 
temperature so that the atoms within the crystal structure are in a highly 
agitated state, which also increases the spacing of the atoms within the 
crystal lattice. This increased spacing in the crystal will also facilitate 
the diffusion of oxygen into the structure. So, in the thermal 
oxygenation process small amounts of oxygen are added to the crystal 
by diffusion. Since the diffusion of oxygen into the crystal is a very slow 
process, it would be of advantage to speed up the oxygenation. One 
approach would be to require at least one of the dimensions of the 
crystal to be small. In other words, the crystal is best shaped as a rod or 
a plate, and preferably should have the smallest dimension being no 
greater than 10 mm. For thicker samples, the total time needed for 
oxygenation may be too long to be practical for commercial use. 
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[00042] It is possible to increase the temperature to facilitate the 
oxygenation process, however, increasing the tennperature also 
increases the risk of oxidizing the Ce ion in the crystal from a 3+ charge 
state to a 4+. When this occurs, the crystal turns a yellow color. Also, in 
the more highly oxidized state the Ce^'' is no longer an emitting ion. 
Thus, the light yield of the crystal will be reduced as the total numberof 
the emitting ions is reduced. 

[00043] In testing the crystals produced, the light yield and energy 
resolution are measured using a standard photomultiplier tube (PMT) 
detector in a multi-channel analyzer (MCA). The sample to be 
measured is placed on the PMT detector and covered with a high 
reflectivity cup. On top of the cup, there is a radioactive source which 
will generate gamma rays. The typical radioactive sources used ore 
Sodium22 (22Na), which produces 51 1 KeV gamma rays, and Cesiumi37 
(i37Cs), which produces 630 KeV gamma rays. The light yield and 
energy resolution are measured in the units of number of channels of 
the MCA. For calibration, Nal(TI) and BGO are used as primary 
standards and then a calibrated sample of LYSO is used as a 
secondary standard. The detector system is set up in such a way that 
the maximum light output peak of BGO is set at ICQ channels. Using 
this as the primary standard, the secondary LYSO standard will have the 
maximum light output peak located at 550 channels. In other words, 
the secondary standard light yield is 5.5 times more than that of BGO. 
[00044] The MCA can also measure the energy spread around the 
maximum peak. It measures the full width half maximum (FWHM) of 
the energy peak again in unit of number of channels. For example, 
the LYSO secondary standard has a 10% energy resolution, and the 
FWHM of this standard is 55 channels. Before starting the measurement 
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of crystal samples, the machiine is first calibrated with the LYSO standard 
and adjusted so that 1he gain of the PMT will read exactly 550 channels. 
The MCA is then ready to read other test sannples. 
[00045] The following experimental examples have been conducted 
using the thermal oxygenation process on a variety of crystals prepared 
by the Czochralski melt puling technique as known in the art. While a 
large number of sample crystals have now been treated according to 
the method of the invention, the examples provided below are 
representative. 
[00046] Example 1 : 

A CelYSO crystal having y = 0.05 was cut into pixelsof approximately 4 
X 6 X 30 mm, resulting in ten individual samples which were then placed 
in an oven heated to 1 100^0 for a period of 60 hours. The light yield 
(LY), the FWHM of the energy peak and energy resolution (ER %) before 
and after this thermal oxygenation process are listed in Table 1 . It 
should also be understood that all test results shown in Tables 1-9 were 
measured at standard room temperature of approximately 25>C. 
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[00047] Table 1 

Sample # 123456789 10 



Initial LY 


661 


657 


666 


651 


639 


603 


672 


618 


668 


FWHM 


115 


117 


79 


102 


77 


75 


82 


82 


81 


ER (%) 


17.4 


17.8 


11.9 


15.7 


12.1 


12.4 


12.2 


13.3 


12.1 



60 hrs LY 
FWHM 
ER (%) 



691 722 
61 63 
8.8 8.7 



715 729 
64 66 
9.0 9.1 



723 705 
61 54 
8.4 7.7 



717 709 
60 62 
8.4 8.7 



727 723 
61 62 
8.4 8.6 



[00048] The results show a general increase of LY following thermal 
oxygenation. More importantly, the energy resolution improves 
dramatically after treatment. 



[00049] Example 2: 

[00050] A Ce:LSO crystal with y = 0.00 is cut into 6x6x25 mrrf pixels 
and the samples are placed in on oven heated to 1 lOQoC for a period 
of 60 hours. The results are shown in Table 2. The initial pixel light yield 
is quite low, around 300, and the energy resolution is also poor. After 
thermal oxygenation, however, the pixel light yield has doubled and 
shifted to 600. The samples still retained their original light yield peak 
and the LY became doubled-peaked with an energy resolution more 
than twice of the original. It was apparent that the same oxygenation 
treatment is insufficient for LSO, when compared to LYSO. In view of 
the first results, it was decided to treat the samples for an additional 60 
hours dt 1 lOQoC. Following this second treatment, there is a clear 
improvement for both light yield performance and energy resolution. 
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However, the double peak has not been totally elinninated, and three 
of the samples show two distinctly separated peaks. 

[00051] Table 2 



Sample # 


1 


2 


3 


4 


5 


6 


7 


8 


9 


Initial LY 


281 


231 


286 


313 


313 


252 


324 


286 


328 


FWHM 


38 


37 


54 


46 


44 


40 


71 


52 


61 


ER (%) 


13.5 


16.0 


18.9 


14.7 


14.1 


15.9 


21.9 


18.2 


18.6 


60 hrs LY 


601 


614 


591 


614 


616 


609 


621 


573 


608 


FWHM 


133 


172 


163 


136 


114 


142 


128 


168 


119 


ER (%) 


22.1 


28.0 


27.6 


22.1 


18.5 


23.3 


20.6 


29.3 


19.6 


120 hrs LY 


652 


664 


dbl 


dbl 


675 


663 


691 


dbl 


675 


FWHM 


116 


144 






105 


120 


106 




107 


ER (%) 


17.8 


21.7 






15.6 


18.1 


15.3 




15.9 



[00052] These results show that even though thernnal oxygenation can 
greatly innprove the light yield of pure LSO (y = 0) crystal the structure 
being less open, it is nnore difficult to achieve full oxygenation as 
compared with LYSO. 

[00053] Example 3: 

[00054] A CeiYSO crystal with y = 1 .00 was cut into a small block of 6 x 
6x10 mm^ and placed in an oven heated to 1 lOO^C for a period of 60 
hours. The pixel has an initial light yield of 397 and an energy resolution 
of 10.6%. After the thermal oxygenation process, the crystal color 
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turned to a light yellow, indicating conversion of at least part of the Ce 
dopant from the 3+ state to the 4+ state. C^"" is an efficient blue 
ennitter whereas Ce^"^ does not emit at all. Light yield measurement 
showed that the energy peak was located at 452, which is better than 
before treatment, and that posMreotment energy resolution is 10.0%. 
While thermal oxygenation does improve the light yield in this case, the 
improvement is more limited. It also seens that the oxygen diffusion is 
more easily obtained in YSO than LYSO, with concomittant oxidation of 
the cerium dopant. These results indicated a need for shortening the 
treatment time to prevent oxidation of cerium in this crystal. 

[00055] Example 4: 

[00056] A thick CelYSO crystal slab with y = 0.05 and dimensions of 20 
mm thick by 85 mm in diameter was treated in an oven heated to 
1 1 OO^C for a period of 60 hours. The slab had an initial light yield of 385 
and FWHM of 52. After treatment, the crystal shows a doube peak at 
390 and 680. It is thought that this effect is due to the limited diffusion 
depth of the oxygen so that only the outer skin region of the crystal is 
oxygenated, whereas the interior portion of the crystal still has original 
material with oxygen vacancies. This result indicates that pure thermal 
annealing will not change the light yield of the crystal. The interior 
portion of the crystal has undergone the same amount of heating but 
there is no detectable change in properties. Since the themol 
oxygenation was not completed for the slab, the sample was placed 
back in the oven heated at 1 lOO^C for another 60 hours. Unfortunately, 
even after the second annealing, clear double peaks remain. This 
result led to the conclusion that since oxygai diffusion into the crystal is 
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slow, it is difficult to oxygenate the interior of the sample when the 
crystal is too thick. 
[00057] Example 5: 

Temperature dependence of thermal oxygenation of Ce:LSO and 
CelYSO crystals is tested using a special high temperaturefurnace 
capable of reaching a temperature of up to 1 600°C in air. Three sets 
of five identical pixels each, measuring 6x6x25 mrrP , were taken from 
a Ce:LSO cr/stal having y = 0.00 and a CelYSO cr/stal having y = 0.05. 
These three sets were placed h furnaces and heated simultaneously, 
one set at 1 400oC for 30 hours, one set at 1 300oC for 50 hours, and one 
set at 1 200oC for 80 hours, respectively. The parameters for each pixel 
were measured before and after this thermal oxygenation treatment. 
The results are listed below: 



[00058] Tables: 
5) 

Sample # LI 

Initial LY 403 

FWHM 43.5 

ER (%) 10.8 

SOhrsLY 615 

FWHM 57.5 

ER {%) 9.3 



At 1400OC (Ln = 



L2 


L3 


L4 


338 


353 


415 


42.0 


42.6 


44.3 


12.4 


12.1 


10.7 


613 


615 


607 


61.3 


57.6 


63.9 


10.0 


9.4 


10.5 



pixels, LYn = 



L5 


LYl 


LY2 


349 


510 


455 


68.0 


47.1 


54.0 


19.5 


9.2 


11.9 


579 


585 


595 


64.2 


48.1 


48.6 


11.1 


8.2 


8.2 



) pixels, n = 1 to 

LY3 LY4 LY5 

465 484 485 

45.6 47.7 46.5 
9.8 9.9 9.6 

606 602 606 

45.7 48.1 45.1 
7.5 8.0 7.4 
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100059] Table 4: At 1 300°C (Ln = LSO pixels. LYn = LYSO pixels, n = 6 to 
10) 



Sample # 


L6 


L7 


L8 


L9 


LIO 


LY6 


LY7 


LY8 


LY9 


Initial LY 


413 


412 


378 


389 


318 


451 


490 


485 


467 


FWHM 


41.9 


45.2 


42.2 


42.1 


40.3 


44.0 


47.0 


48.5 


46.2 


ER {%) 


10.1 


11.0 


11.2 


10.8 


12.7 


9.8 


9.6 


10.0 


9.9 



486 



9.7 



50 hrs LY 
FWHM 
ER {%) 



627 618 
81.0 87.8 
12.9 14.2 



605 617 
85.5 81.3 
14.1 13.2 



641 623 
67.2 49.4 
10.5 7.9 



620 635 
48.9 46.6 
7.9 7.3 



633 629 
48.2 46.3 
7.6 7.4 



[000601 Table 5: At 1 200oC {Ln = LSO pixels, LYn = LYSO pixels, n = 1 1 to 
15) 



Sample # 


Lll 


L12 


L13 


L14 


L15 


LYll 


LY12 


LY13 


LY14LY15 


Initial LY 


309 


357 


418 


372 


328 


476 


507 


454 


480 


467 


FWHM 


34.9 


40.5 


45.2 


42.8 


67.7 


49.2 


48.1 


46.0 


46.6 


46.9 


ER {%) 


11.3 


11.3 


10.8 


11.5 


20.6 


10.3 


9.5 


10.1 


9.7 


10.0 


80 hrs LY 


541 


578 


598 


554 


557 


599 


600 


614 


614 


610 


FWHM 


97.5 


96.8 


107.7 


104.8 


100.0 46.7 


46.9 


45.7 


47.6 


44.3 


ER (%) 


18.0 


16.7 


18.0 


18.9 


18.0 


7.8 


7.8 


7.4 


7.8 


7.3 



[00061] It is clear from the result that oxygen diffusion is for more 
effective at higher temperatures. Between CeiLSO and CeiLYSO, the 
latter is much easier to be fully oxygenated dmng a much shorter 
treatment time. At 1400^C, it is possible to fully oxygenate both CeiLSO 
and CelYSO in 30 hours. After full oxygenation, there is great 
improvement in light yield (LY) and energy resolution (ER %) for both 
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crystals. Moreover, even though the cs-grovs^n CeiLYSO has distinctly 
better light yield and energy resolution as connpared v\^ith CelSO, once 
fully oxygenated there is substantially no difference in light yield 
between these two crystals. However, the overall energy resolutionof 
CeiLYSO is distinctly better than that of CeiLSO, even when both are 
fully oxygenated. Still for CelSO, the energy resolution is also greatly 
innproved after thermal oxygenation. For exannple. Sample L5 with 
initial LY of 349 and Er 19.5% can be improved to LY of 579 and ER 1 1 .1% 
with full oxygenation. 

[00062] Example 6: 

Using the same high temperature furnace as in Example 5, we 
investigate the complete range of composition of YSO, LYSO and LSO 
family compounds. Pixels made from seven specific compositbns 
were used for the thermal oxygenation test. They are pure YSO (y = 
1 .00), LYSO with 15% Lu (y = 0.85), LYSO with 30% Lu (y = 0.70), LYSO with 
50% Lu (y = 0.50), LYSO with 70% Lu (y = 0.30), LYSO with 85% Lu (y = 0.15) 
and pure LSO (y = 0.00). All pxels with the smallest dimensions no less 
than 6 mm. The thermal oxygenation temperatures and durations are 
1 400^0 for 30 hours, 1 300^0 for 50 hours, 1 200^0 for 80 hours and 1 1 OO^C 
for 120 hours, respectively in order to compare the result in Example 5. 
Each pixel was measured before and after the thermal oxygenation. 
The results are listed below: 
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[000631 Table 6: At 1 400oC (YSO, LSO = pure compound, n%LY = % of 
Lu content in LYSO) 



Sample # 


YSOi 


YSO2 


15% 


30% 


50% 


70% 


85% 


LSO 


Initial LY 


386 


506 


232 


407 


469 


387 


449 


320 


FWHM 


29.6 


41.7 


45.1 


35.8 


47.2 


35.7 


57.4 


07 .0 


ER (%) 


7.7 


8.2 


19.4 


8.8 


10.1 


9.2 


12.8 


12.3 


30 hrs LY 


408 


448 


348 


549 


570 


607 


644 


657 


FWHM 


31.3 


35.9 


54.0 


41.4 


44.3 


46.9 


48.3 


57.0 


ER (%) 


7.7 


8.0 


15.5 


7.5 


7.8 


7.7 


7.5 


8.7 


[00064] Table 7: At 1300oC (YSO, LSO = 


pure compound, n%LY = 


%of 


Lu content in LYSO) 
















Sample # 


YSOi 


YSO2 


15% 


30% 


50% 


70% 


85% 


LSO 


Initial LY 


447 


453 


233 


430 


466 


450 


462 


398 


FWHM 


34.5 


35.5 


45.1 


44.7 


52.1 


53.6 


68.3 


45.7 


ER (%) 


7.7 


7.8 


19.4 


10.4 


11.2 


11.9 


14.8 


11.5 


30 hrs LY 


460 


464 


352 


566 


586 


625 


636 


628 


FWHM 


35.8 


31.9 


36.2 


41.9 


51.1 


46.8 


46.9 


87.4 


ER (%) 


7.8 


6.9 


10.3 


7.4 


8.7 


7.5 


7.4 


13.9 



[000651 Table 8: At 1200oC (YSO, LSO = pure compound, n%LY = % of 
Lu content in LYSO) 



Sample # 


YSO-1 


YSO-2 


15% 


30% 


50% 


70% 


85% 


LSO 


Initial LY 


498 


412 


262 


477 


520 


542 


473 


420 


FWHM 


37.5 


36.7 


33.3 


46.4 


54.8 


61.1 


57.5 


69.9 


ER (%) 


7.5 


8.9 


12.7 


9.7 


10.5 


11.3 


12.2 


16.6 


30 hrs LY 


459 


422 


361 


579 


604 


625 


644 


623 


FWHM 


31.2 


35.2 


39.9 


36.6 


44.3 


44.6 


50.6 


97.8 


ER (%) 


6.8 


8.3 


11.1 


6.3 


7.3 


7.1 


7.9 


15.7 



[00066] Table 9: At 1 lOOoC (YSO, LSO = pure compound, n%LY = % of 
Lu content in LYSO) 



Sample # YSOi 


YSO2 


15% 


30% 


50% 


70%i 


70%2 


85%i 


85%2 


LSO 


Initial LY 


441 


453 


250 


473 


512 


525 


520 


442 


500 


384 


FWHM 


33.0 


35.3 


36.3 


42.3 


54.8 


65.1 


48.3 


46.3 


49.8 


84.0 


ER (%) 


7.5 


7.8 


14.5 


8.9 


10.7 


12.4 


9.3 


10.5 


10.0 


21.9 


30 hrs LY 


490 


466 


349 


582 


621 


618 


646 


646 


671 


607 


FWHM 


31.3 


32.0 


44.9 


40.1 


48.8 


49.7 


47.5 


47.7 


46.4 


102.3 


ER (%) 


6.4 


6.9 


12.9 


6.9 


7.9 


8.0 


7.4 


7.5 


6.9 


16.9 



[00067] For pure LSO pixel, the result is the same as those in Example 5. 
Only at 1400oC, it is possible to fully oxygenate LSO. At lower 
temperature, the light yield improves but the energy resolution 
increases. For pure YSO, the result is consistent with Example 3. All the 
YSO pixels turn to light yellow in color at all tenperatures after thermal 
oxygenation indicating the oxidation of Ce3+ to Ce'*+. However, 
despite the loss of active emission center of C^"^ there seems no 
significant decrease in light yield nor change in energy resolution (ER). 
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For LYSO pixels, the result is also very consistent. All the pixels shows no 
sign of any discoloration, even for 1 5% LYSO at 1 400^C. The 1 5% LYSO 
which has the highest yttriunn content of 85% starts with very poor light 
yield and energy resolution, there is a 50% improvement inlight yield 
after thermal oxygenation. The energy resolution is improves except at 
the highest temperature. For the rest of the LYSO composition, the 
thermal oxygenation is completed at all temperatures. All samples 
shows increase in light yields and decrease in energy resolution. 
Moreover, there is a systematic increase in final light yield with increase 
in Lutetium content in the crystal. 

[000681 Thermal oxygenation at 1 aOO^C and 1 200^0 show that 
CerLYSO pixels are fully oxygenated during the respecive heating time, 
but CeiLSO pixels are far from reaching full oxygenation. This is 
consistent with the thermal treatment result at 1 lOOC and indicates 
that the active energy of oxygen diffusion for CelSO is much higher 
than that for Ce;LYSO, so that much longer time are needed to fully 
oxygenate CelSO. However, once fully oxygenated, the CelSO 
pixels are functionally close to CeiLYSO with only slightly higher energy 
resolution. 

[00069] Applicant hypothesizes, without wishing to be bound thereto, 
that the large difference in response during thermal oxygenation shows 
the effect of the crystal's physical properties, that is, comparing CelSO 
with CelYSO. Applicant has found that with as small as approximately 
1% content of Yttrium in CelYSO, the crystal will show significant 
improvement in oxygen diffusion, as well as a narrowing of the energy 
resolution as compared to that of pure CelSO. This is feature 
distinguishes pure CelSO from CelYSO. Ease of oxygenation 
increases with increasing yttrium content in CelYSO. At the same time. 
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however, the tendency to oxidize Ce fronn 3+ state to 4+ state also 
increases with higher yttriunn content. It is necessary to carefully control 
both the tinne and temperature during thernnal oxygenation of a 
specific crystal composition in order to maximize light yield from the 
crystal without further oxidizing the Ce component in the crystal. 

[00070] Example 7: 

We also examine the effect of thermal oxygenation on the light yield of 
CelSO and CeiLYSO as a function of temperalure. We randomly 
select two CeiLSO pixels and two CeiLYSO (y = 0.05) pixels. One of 
each is as-grown without thermal oxygenation. The other two are fully 
oxygenated CeiLSO and CerLYSO. The sample is chilled or heated at 
different temperatures. Both light yield and energy resolution are 
measured at these temperatures. The result is shown in Table 10. 
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[00071] Table 10: Temperature Dependence of Light Yield 
Measurement: 



Sample Centroid 


FWHM 


Energy R 


T(°C) 


A 


BGO 100 


11.45 


11.45 


23 




LSO (untreated) 486 


50.57 


10.4 


2 


100 


LSO (untreated) 462 


51.77 


11.2 


23 


95.1 


LSO (untreated) 452 


37.96 


8.4 


41 


93.0 


LSO (untreated) 420 


31.16 


7.4 


56 


86.4 


LSO (oxygenated) 685 


48.93 


7.1 


2 


100 


LSO (oxygenated) 665 


42.50 


6.4 


23 


97.1 


LSO oxygenated) 676 


49.18 


7.3 


41 


98.7 


ISO (oxygenated) 658 


37.49 


5.7 


56 


96.1 


LYSO (untreated) 521 


32.91 


6.3 


2 


100 


LYSO (untreated) 465 


35.43 


7.6 


23 


89.3 


LYSO (untreated) 447 


25.57 


5.7 


41 


85.8 


LYSO (untreated) 376 


42.61 


11.3 


56 


72.2 


LYSO (oxygenated) 708 


47.26 


6.7 


2 


100 


LYSO (oxygenated) 701 


50.07 


7.1 


23 


99.0 


LYSO (oxygenated) 692 


42.97 


6.2 


41 


97.7 


LYSO (oxygenated) 678 


41.53 


6.1 


56 


95.8 



[00072] Crystal performance was measured at four temperatures: 2°, 
23°, 41° and 56°, respectively. It was found that both as-grown Ce:LSO 
and Ce:LYSO has defect centers due to oxygen deficiency. These 
defect centers can act as non-radiative emission centers which will 
take the scintillating energy away from emission. The efficiency of such 
non-radiative energy removal increases with temperature. For Ce:LSO, 
there is a drop of 1 4% in light yield from 2> to 56oC. For Ce:LYSO with 
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easier oxygen diffusion, the drop is doubled to 28% at the sane 
temperature range. However, after the thernnal oxygenation, these 
oxygen deficient defects are elinninated. Both CeiLSO and Ce:LYSO 
shows the sanne low temperature dependence of light yield of only 4% 
at the some temperature range. 

[00073] The result shows that thermal oxygenation is a key post-growth 
process to restore Ce:LSO, Ce:LYSO and Ce:YSO to their intrinsic 
scintillating properties. Without it, the as-grown crystals will show large ^ 
property variation and inconsistent behavior during scintillating process. 
[00074] The results also support the idea that LYSO may be a preferred 
candidate crystal in the process of the invention. Moreover, since the 
treatment is a thermal diffusion process, it may be desirable to have at 
least one of the dimensions of the crystd sample to be sufficiently small 
to shorten the oxygen diffusion path and effectively eliminate the 
oxygen vacancy defect and increase the energy resolution of the 
crystals. Thermal diffusion of oxygen can be improved at higher 
temperatures. However, increasing the temperature also increases the 
risk of excessive oxygenation of the crystal and oxidation of the C^"^ ion 
into Ce4+ non-emitting state. Once the cerium has been oxidized, the 
non-emitting atom will impair the light emitting center and will 
drastically affect the light yield of the crystal. 

[00075] Referring now to the figures to further illustrate the invention, 
FIG. 3 is a flow diagram generally showing the process of the invention 
as described. From the start 10 a crystal body is formed 12 having 
preferably at least one dimension of 20 mm or less. The crystal body is 
heated 14 in an oxygen ambient for a desired time. Following 
oxygenation, the crystal is tested 16 to determine whether its light yield 
has been sufficiently improved and is either passed 18 or rejected 20. 
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Crystals which pass are then assembled into scintillation detectors22. 
FIG. 4 generally illustrates the overall industrial process stations in which 
the invention is incorporated. A crystal is grown in a crystal growth 
furnace 30. The as-grown crystal is then placed in an oxygen diffusion 
furnace 32 for oxygenation. Following oxygenation, the crystal 
proceeds to a test station 34, where it is evaluated for its light yield 
performance. A crystal meeting performance requirements is then 
directed to an assembly station 36, where it is assembled into a 
scintillation detector. FIG. 5 shows a typical scintillation detector40, 
which includes at least a photon detector42 and a crystal 44 
enhanced according to the invention. In tiis case, the crystal shown is 
a rod-shaped crystal, having a predetermined diameterD of a 
dimension suitable for oxygenation. FIG. 6 illustrates another scintillation 
detector 50, which includes a photon detectorS2 and, in this case, a 
rectangular crystal 54 enhanced by the process of the present 
invention. The rectangular crystal has a predetermined heightH of a 
dimension suitable for oxygenation according to the invention. 
[00076] Accordingly, in the drawings and specification, there hove 
been disclosed typcal preferred embodiments of the invention, and 
although specific terms are employed, the terms are used in a 
descriptive sense only and not for purposes of limitation. The invention 
has been described in considerable detail with specific reference to 
these illustrated embodiments. It will be apparent, however, that 
various modifications and changes can be made within the spirit and 
scope of the invention as described in the foregoing specification and 
as defined in the appended claims. 
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